In a combined theoretical and experimental work, we investigate X-ray Absorption Near-Edge Structure (XANES) spectroscopy of the I L 3 and the Pb M 5 edges of the methylammonium lead iodide (MAPbI 3 ) hybrid inorganic-organic perovskite and its binary phase PbI 2 . The absorption onsets are dominated by bound excitons with sizable binding energies of a few hundred meV and pronounced anisotropy. The spectra of both materials exhibit remarkable similarities, suggesting that the fingerprints of core excitations in MAPbI 3 are essentially given by its inorganic component, with negligible influence from the organic groups. The theoretical analysis complementing experimental observations provides the conceptual insights required for a full characterization of this complex material. 
Abstract
In a combined theoretical and experimental work, we investigate X-ray Absorption Near-Edge Structure (XANES) spectroscopy of the I L 3 and the Pb M 5 edges of the methylammonium lead iodide (MAPbI 3 ) hybrid inorganic-organic perovskite and its binary phase PbI 2 . The absorption onsets are dominated by bound excitons with sizable binding energies of a few hundred meV and pronounced anisotropy. The spectra of both materials exhibit remarkable similarities, suggesting that the fingerprints of core excitations in MAPbI 3 are essentially given by its inorganic component, with negligible influence from the organic groups. The theoretical analysis complementing experimental observations provides the conceptual insights required for a full characterization of this complex material. This astonishingly fast development has sparked great interest in the structural, electronic, and optical properties of the hybrid organic-inorganic halide perovskites, [7] [8] [9] [10] also stimulating the theoretical community.
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11-22
While the PCE achieved in laboratory environments is encouraging in view of commercial applications, the long-term stability of the samples remains a critical issue.
23-26
For methylammonium lead iodide (MAPbI 3 ), one of the most studied metal-halide perovskites, previous X-ray photoelectron spectroscopy studies have identified sample degradation due to light irridation, both in the visible 27 and in the X-ray 28, 29 region, as well as due to exposure to air and moisture. 30 Under these conditions, MAPbI 3 may decompose into the binary phase PbI 2 . Additional decomposition to elemental metallic Pb and I 2 under X-ray illumination was recently reported.
24,27
Access to the local electronic and chemical structure can be achieved with X-ray Absorption Near-Edge Structure (XANES) spectroscopy. In this technique, the absorption of X-ray radiation in resonance with an atomic absorption edge yields information about the local environment surrounding the absorbing atom. Although XANES provides relevant species-specific information about phase separation and the electronic structure of the sample, the interpretation and rationalization of the spectra requires additional insight. In particular, an open question is whether the presence of degradation products, such as the binary phase PbI 2 , can be determined by X-ray absorption spectroscopy. The required analysis is provided by ab initio many-body theory, which combines an accurate description of the electronic structure of the system with an explicit treatment of excitonic effects, that can be crucial in the absorption of X-ray radiation from core electrons. Theoretical studies based on this methodology have been performed to determine the response of MAPbI 3 to visible light. 11, 12, 19, 22 In optical spectroscopy, transitions from valence to conduction bands are probed, and valence excitons may form due to the Coloumb interaction between these states. Core level spectroscopy provides complementary information. With the selective excitation of the initial deep-lying states, core level spectroscopy allows a direct probing of the local environment of the excited species.
31-35
First-principle theory, in turn, enables a thorough characterization of the excitations in terms of band contributions and spatial extension.
In this Letter, we present the results of a joint theoretical and experimental work, where we investigate XANES and core excitations from the I L 3 and the Pb M 5 edges in MAPbI 3 and PbI 2 . By exploring differences and similarities between the XANES of the perovskite and of its binary phase PbI 2 , we discuss the role of the inorganic part of the hybrid compound in determining the absorption behavior of MAPbI 3 . We perform a careful analysis of the measured and computed spectra, focusing on the main features at the absorption onset, where excitonic effects are especially pronounced. A detailed inspection of the character of the lowest-energy electron-hole pairs reveals their strong anisotropy and their sizable binding energy of a few hundreds meV.
We start our analysis by examining the XANES of MAPbI 3 and PbI 2 from the I L 3 edge, shown in Fig. 1 . Due to the large spin-orbit splitting of 298.51 eV between I 2p 3/2 and 2p 1/2 electrons, the L 2 and L 3 edges can be treated independently within our theoretical framework (see Fig. S2 in the Supporting Information [SI]). The spectra of both materials (Fig. 1a) are characterized by the three main features, labeled A, B, and C, with only some differences in the intensity distribution. Our many-body perturbation theory (MBPT) results reveal that the feature A is formed by two bound excitons with binding energies of 480 meV in MAPbI 3 and 450 meV in PbI 2 . At higher transition energies, where peaks B and C appear, more pronounced differences in terms of oscillator strength are visible in the calculated XANES of the two compounds. The features A and B stem from interband transitions to the unoccupied I d bands, and thus the intensity of these excitations reflects the differences in the electronic structure of the two materials. Note that in the calculated Experimental XANES from the L 3 egde. For a direct comparison, calculated spectra with an increased broadening of 1.5 eV are included. The spectra of MAPbI 3 are offset by 0.5 for better readability. In both panels the difference between the spectra of PbI 2 and MAPbI 3 is shown in purple. The normalization of the calculated and experimental spectra is described in the Supporting Information.
XANES a relatively small Lorentzian broadening of 0.5 eV is chosen to better resolve the fine structure of the absorption rise and the presence of the two above-mentioned resonances. A detailed analysis of the element-projected density of states (DOS) of both MAPbI 3 and PbI 2 is reported in the SI (Fig. S1 ). In the experimental spectrum (Fig. 1b) , the fine structure is masked by the considerable intrinsic lifetime broadening, which amounts to at least 3.08 eV at the I L 3 edge.
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For a better comparison with the experimental data in Fig. 1b , the calculated spectra are plotted with an increased broadening of 1.5 eV. Additional information illustrating the good agreement between theory and experiment is obtained by considering the difference between the spectra of MAPbI 3 and PbI 2 , as shown in Fig. 1 in purple color.
In this way, peaks A and B become visible also in the experimental results (Fig. 1b) . Indeed, the computed spectra (Fig. 1a) reproduce not only the relative position of the maxima, but also the minimum at about 4561 eV. The overall magnitude of the computed signal is larger than in the experimental one due to the small lifetime broadening. In contrast to the results from the I L 3 edge spectra discussed above, the Pb M 5 edge spectra of MAPbI 3
and PbI 2 shown in Fig. 2 In Fig. 3 , we report the spectra of MAPbI 3 computed with and without the inclusion of electron-hole correlation, namely by solving the Bethe-Salpeter equation (BSE) and within the independent-particle approximation (IPA). In both panels, the dashed line indicates the onset of the IPA spectrum. For the bound excitons in the BSE spectra, the binding energy recently.
39
Excitons in core spectra are considerably more strongly bound than those in the optical spectra, resulting in significantly larger binding energies compared to those for of valence excitons, for which binding energies of 40 meV have been reported for MAPbI 3 based on BSE calculations.
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This binding energy difference is mainly due to the localization of the involved core states.
In 
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In that case, an analogous distribution along the Pb-I bonding direction is shown. However, a higher degree of in-plane localization appears in PbI 2 , where the exciton is confined within a single layer.
The real-space distribution of the excitons is obviously reflected also in reciprocal space, as shown by the band-structure plots in This hybridization is reflected in the difference in peak intensity between the two excitons:
Transitions from the Pb 3d 5/2 (M 5 edge) spectrum target directly the Pb p contributions to the conduction band, giving rise to the intense peak in the spectrum. On the other hand, transitions from the I 2p 3/2 levels (L 3 spectrum) are dipole-allowed only for the unoccupied I states with s and d character, which contribute to a much smaller extent to the lowest conduction band (Fig. 4e) . This explains the relatively low oscillator strength of the first peak in the I L 3 spectrum of MAPbI 3 (Fig. 1a) compared to the one at the onset of the M 5 edge (Fig. 2a) .
To summarize, in a joint theoretical and experimental work we have studied core level excitations from the I L 3 and the Pb M 5 edge of MAPbI 3 and its binary phase PbI 2 . We have shown that these two materials exhibit very similar XANES at both edges, suggesting the dominant contribution from the inorganic cage to the core excitations of MAPbI 3 . Differences between the spectra concern mainly minor features, which can hardly be exploited to detect the presence of the binary phase in hybrid perovskite samples. The absorption onset in the XANES of MAPbI 3 from both considered edges is characterized by pronounced excitonic effects. A detailed theoretical analysis shows that the bound excitons in the core spectra extend along the Pb-I bond for several unit cells, while being confined in the other directions.
They originate from excitations targeting the lowest-energy conduction bands around highsymmetry points in the Brillouin zone. Moreover, the intensity of the peaks reveals the hybridization of iodine and lead derived states. Overall, this combined experimental and theoretical analysis of the core excitations offers a new perspective on the electronic structure in this complex material and its excitations.
Experimental Methods
Theoretical Methods -Core-level absorption spectra are obtained in a two-step process: First, the electronic structure is calculated from density-functional theory (DFT) 
43,44
In this approach, the many body problem is mapped into an effective two-particle Hamiltonian entering the eigenvalue equationĤ Experimental Methods -MAPbI 3 perovskite thin films of 300 nm nominal thickness were prepared on compact TiO 2 /FTO/glass substrates at University of Oxford following the standard "one-pot" preparation approach.
2,48
The compact TiO version 0.9.8 using as an approximation a linear background and Voigt functions to fit the spin-orbit split doublet, by fixing the area ratio according to the multiplicy (2j+1) and coupling the peak shape. The spin-orbit splitting for Au 4f was set fixed to 3.67 eV.
52
The photon energies were then calibrated by setting the Au 4f 7/2 binding energy to 84.00 eV. 
Supporting Information Available
The following files are available free of charge.
The Supporting Information contains additional details regarding the structural and elec- To address the effects of the crystal structure on the core excitations of MAPbI 3 , in addition to the cubic structure we also study the tetragonal phase.
4
In particular, we consider the reduced tetragonal phase, which is obtained by including hydrogen atoms in the organic groups. Their presence breaks the I4cm symmetry of the tetragonal lattice, thereby reducing the primitive cell from four to two chemical units. In our calculations, we enforce the I4cm symmetry before performing a full atomic relaxation. With this assumption, we neglect the influence of different relative molecular orientations that can occur in the full tetragonal phase. This choice is justified, as the influence of molecular orientation on the electronic structure as well as core absorption spectra is negligible.
PbI 2 is a layered semiconducting material with hexagonal crystal structure (space group P3m1).
5
Structure optimization yields lattice parameters a = 4.54 Å and c = 6.98 Å in good agreement with experiments.
We also consider metallic Pb in its cubic phase (space group F m3n) for further analyzing the Pb M 5 -edge absorption spectrum of MAPbI 3 . For this purpose, the experimental lattice Calculated X-Ray Absorption Spectra of MAPbI 3 and PbI 2
In Fig. S2 we report the X-ray absorption spectra from the I L 2,3 and Pb 
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In Fig. S3 , the Pb M 5 edge XANES of the tetragonal and cubic phase of MAPbI 3 and the corresponding XANES of elemental lead are displayed. As in Fig. S2 , we report raw theoretical spectra, which are neither aligned nor renormalized to the experimental ones.
The peak at approximately 2433 eV, which is formed by several bound excitons, is visible in the spectrum of both phases of MAPbI 3 . The real-space distribution of the exciton in the cubic phase is shown in Fig. 4b) . A similar distribution is also expected for the exciton in the tetragonal phase. Remarkably, the intense peak is missing in the spectrum of elemental lead.
As elemental lead is metallic, the electron-hole interaction is largely reduced by the strong screening, and bound excitons are not observed. Note that the pre-peak feature observed in experiment (see Fig. 2b in the main text) is not observed in any of the spectra reported in 
Alignment of Calculated XANES to Experimental Spectra
Scissors operators are applied to the calculated x-ray spectra to account for quasi-particle corrections of both core and conduction single-particle energies. The value of the adopted scissors operator is mainly given by the rigid shift of the core states and is chosen such that a selected feature of the calculated spectra is aligned with the corresponding feature in the experimental one. A value of 52.11 eV is used for the Pb M 5 edge spectrum of both MAPbI 3 and PbI 2 , and a value of 86.32 eV for the I L 3 edge spectra of both materials. An identical scissors operator can be adopted for both systems due to the considerably smaller core-level shifts of 780 meV between the Pb 3d 5/2 and 470 meV between the I 2p 3/2 states of the two systems.
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Computational Details
Ground-state calculations of the cubic phase of MAPbI 3 are performed with a 4 × 4 × 4 k-grid and a plane-wave cutoff R M T,max |G + q| max = 4.7. Muffin-tin (MT) spheres of radius The calculated spectrum is normalized to the intensity of this most intense peak. For the Pb M 5 edge, a 6 × 6 × 6 q-grid shifted by ∆q = (0.05, 0.15, 0.25) and R M T,max |G + q| max = 4.7 are adopted. The RPA screening is obtained as the one for the I L 3 edge. 40 unoccupied bands are included in the diagonalization of the BSE Hamiltonian. The calculated spectrum in the main text is shifted by 52.11 eV in order to align the most intense peak of the calculated spectrum to the one in the experimental spectrum. As for the previous edge, the spectrum is normalized to the intensity of the most pronounced peak in the experimental spectrum. BSE calculations for all x-ray absorption spectra are converged with respect to the parameters listed below. The real-space distribution of the electronic part of the excitonic wavefunction is calculated and plotted for the first (eighth) BSE solution of the I L 3 (Pb M 5 ) edge spectrum. In both cases the coordinate of the core-hole is fixed slightly off with respect to the the position of the absorbing Pb atom, in order to avoid the node of the electronic wave-function. In Fig. 4c) and d) , the exciton weights w eV and 86.32 eV, respectively, such that the most intense peak in the calculated spectrum is aligned with the most intense one in the experimental spectrum. As for MAPbI 3 , the calculated spectrum is normalized to the height of the most intense peak.
The ground-state properties of elemental Pb are determined on a 7 × 7 × 7 k-grid with a plane-wave cut-off R M T,max |G+q| max = 7.0. For the BSE calculations from the Pb M 5 edge, a shifted 12 × 12 × 12 q-grid with cut-offs R M T,max |G + q| max = 7.0 and |G + q| max = 2.0 a 
Experimental Data
Figure S4 a) and b) show the XANES I L 3 edge and XANES Pb M 4,5 edge raw data of MAPbI 3 and PbI 2 reference sample measured in PFY mode. As depicted, the spectra are only normalized to the ionization current (I 0 ) and to the edge jump. As visible from the different signal-to-noise ratio, the spectra (and even different ranges within the spectramost apparent for the PbI 2 data) have been measured with different step sizes and dwell times in order to optimize use of measurement time.
